I. INTRODUCTION
In recent years, the volt-ampere (VA) ratings of voltagesource converters using gate-turn-off thyristors have reached several tens of mega-VA in many areas such as industrial applications and high voltage power system applications[ 1-81, However, the development of large VA rated converters with low harmonic distortion and fast dynamic response has been limited by the use of bulky transformers for multiple connections, the device ratings, and problems of series connections of devices [5] . On the other hand, a multilevel voltage-source converter has been attracting many researchers [9] [10] [11] [12] , because it has the following features compared with a conventional 2-level pulse width modulation converter:
(1) It is much more suitable to high voltage, large VA rated applications. The efficiency is much higher and can be more than 99%. Since the multilevel converter itself consists of series connection of switching devices and each device is clamped to the dc capacitors through the diodes, it does not require special considerations to balance voltages of the switching devices.
Electromagnetic interference level is much lower because dv/dt at switching is one (M-1)th of that of the conventional 2-level converters.
So far, however, multilevel converters have not been successfully implemented for motor drives or power system applications [5, 10, In this paper, a multilevel voltage source converter system is proposed. The new converter system consists of a multilevel rectifier and a multilevel inverter, which can solve the voltage unbalance problem. Since the rectifier and the inverter are completely symmetrical, the converter system can generate low distortion of voltage and current both on the ac source side and on the load side. A control method is also proposed. Some simulated and experimental results are shown to demonstrate the validity of the new converter system. * Prepared by the Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-7280, managed by Martin Marietta Energy Systems, Inc. for the U. S .
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CONVERTER STRUCTURE AND ITS FEATURES

A. Converter Structures and Operating Principle
Obviously, the converter can reach high voltage, large VA rating, and harmonic reduction by itself, unlike conventional transformerbased multiple converters. The M-level converter generates M steps of phase voltage, (2M-1) steps of line-to-line voltage over a half cycle. Each switching device is turned on and turned off once per fundamental cycle. Table I shows the switching states of the converter. However, since capacitors are used to generate voltage levels from Vz to V(M.,), voltage across each capacitor cannot be balanced for most applications. The mechanism of voltage unbalance will be explained in detail in the next section. This capacitor voltage unbalance issue has hindered applications of the multilevel voltage source converters.
B. Voltage Unbalance Problem
To show the voltage unbalance problem of the multilevel converter, we take a 5-level converter as an example. Fig. 3 shows the structure of the 5-level converter. It generates five levels of output phase voltage and nine levels of line-to-line voltage. Among the five voltage levels of Vl, V2, V,, V4, and V,, the internal three levels, Vz, V,, and V4 may become unbalanced when the average current flowing into the corresponding levels is not equal to zero over one cycle.
Figs. 4 and 5 show the waveforms of output phase voltage with the line frequency switching and the waveforms of line current, where the current is assumed to be sinusoidal for the sake of simplicity. Fig. 4 shows the case where the current is in phase with the voltage. The line current flows into or from the internal voltage level, Vz, V,, or V,, when the converter outputs the voltage level, V2, V,, or V4, respectively. Therefore, the shadow areas shown in Fig. 4 (a), (b) , and (c) express the charge flowing into the voltage level of V4, V,, and Vz, respectively, over one period. It is obvious that 1) the level of V4 increases because there is always positive current flowing into this level, 2) the level of Vz decreases due to negative current flowing into this level, and 3) the level of V3 is always stable because of zero average current flowing into this level. As time continues the voltage level of V4 will reach the level of V,, and the voltage level of V2 will reach the level of V I . Thus, we can conclude that this 5-level converter will become a 3-level converter if the line current includes some component in phase with the output voltage of the converter. This conclusion is also valid for line currents in opposite phase with the output voltage. Therefore, for a multilevel voltage source converter to generate a staircase waveform of output voltage, the internal voltage levels are balanced only if the current is leading or lagging the output voltage by exactly 90 degrees. Thus, the multilevel converter with staircase waveform output voltage may be applied to static var generation applications without a unbalance problem. It will converge to a 2-level converter for voltage unbalance problem by using a proper control an even number of M and to a 3-level converter for an odd method[l2]. The multilevel converter cannot operate as a number of M when a multilevel converter is operated as a rectifier or an inverter to transfer power from the ac side to the rectifier, and converge to a 3-level converter for inversion dc side or from the dc side to the ac side without a voltage operation. 
In. CONVERTER/INVERTER SYSTEM
A. System Configuration Fig. 6 shows the structure of the proposed converter system, which consists of two completely symmetrical M-level converters (here, M=5), one on the ac source side for ac-to-dc conversion and the other on the load side for dc-to-ac inversion. The key point of this system is that the corresponding internal voltage levels of the two converters, Vz through V4, are connected together, respectively. These connections enable voltage balance of capacitors. The principle can be illustrated by an equivalent circuit of the converter system as shown in Fig. 7 . This equivalent circuit is straight forward from Figs. 3,4,5, and 6. For the rectifier side the line current has a component in phase with the voltage so that an inner charging loop Z~,, exists, which charges the inner two capacitors, C, , and C,j. On the other hand, since the line current of the inverter side includes a component in opposite phase with the output voltage, a discharging loop for the inner capacitors Ciz and Ci3 exists. With the connections of internal voltage levels, voltages of the inner capacitors is balanced. Fig. 8 shows a simplified control block diagram for the acldc converter, where V,* is the reference of the dc voltage, Vc* and ac are the amplitude reference and phase shift reference of converter output voltage, respectively, and ZsQ* is the reference of reactive current of source current is. The reactive power can be controlled in this system. For example, choosing Zsa*=O will result in unity power factor. Also, this system can generate leading and lagging reactive power to compensate the power system. The dc link voltage is controlled through changing the phase difference, ac, between Vs and V,. The switching pattern table in the diagram stores the optimum switching angles for harmonics minimization and dc capacitor voltage balance. A decoupling control of the dc voltage and the reactive power may be required for a source impedance which includes an appreciable resistance. Fig. 9 shows the simulation results of a 5-level converter. The dc capacitors are charged equally at the outset. Without the internal connections, however, the inner two capacitors are overcharged and gradually converge to the dc bus voltage as shown in Fig. 9(a) . For the inverter side the inner two capacitors are overdischarged to zero. Both the rectifier and the inverter finally become a 3-level converter. With the connections, the dc capacitor voltages at the rectifier side are identical to those at the inverter side and well balanced voltages were obtained as shown in Fig. 9(b) . Fig. 10 shows the simulation results of a 6-level converter system. Without the connections the ac/dc converter finally converged to a 2-level one (not shown in Fig. 10 ) and the dc/ac converter to a 3-level one as shown in Fig. 10!a) . Again, with the connections, balanced dc voltages are obtained as shown in Fig. 10(b) , (c), and (d). Fig. 1O(c) shows the source line-to-line voltage, the ac/dc converter line voltage, and the source current. Since is set to zero, a unity power factor is obtained. Fig. l q d ) shows output lineto-line voltage of the dc/ac converter and the load current. Fig. 11 shows experimental waveforms of the 6-level converter system with the proposed internal connections. The source voltage is 120V. Fig. Il(a) shows voltages of the internal levels referring to the negative DC bus V,. The DC bus voltage, Val, is 175V, which is shown as the dashed line. It is seen that well balanced voltages have been obtained. Fig. ll(b) shows the source line-to-line voltage, V,,, the ac/dc converter voltage, V,,, and the source current, 1%. The source current is purely sinusoidal with a total 20% ac inductance including the source impedance and the interconnection inductor of the ac/dc converter. Fig. 1 l(c) shows the output line-to-line voltage of the dc/ac converter and the load current. A well-balanced staircase-like voltage waveform is observed. Fig. lO(a) . 
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